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Abstract
Self-Compacting Concrete mixes (SCC) incorporating silica fume, ﬂy ash and dolomite powder were used in casting two
groups of beams. The beams in one group were stored in an open environment, while those in the other group were
subjected to salt attack and successive wet/drying cycles. The beams were stored for about one year under a sustained
load. The structural performance of the stored beams was evaluated by testing the specimens under four-point loading
until failure. The results indicated that the low-cost SCC mixes showed comparable structural behavior with respect
to the corresponding control mixes in a normal environment. Diﬀerent SCC mixes in a corrosive environment yielded a
diﬀerent structural performance, depending on the composition of the ﬁllers.
Keywords: corrosion, self-compacting concrete, silica fume, ﬂy ash, dolomite powder, harsh.
1 Introduction
Steel Reinforcements are used in concrete members
to resist tensile stresses and to provide the concrete
structure with the required structural integrity. Un-
fortunately, the steel reinforcement has a natural ten-
dency to corrode, returning to its stable state as an
iron ore [1]. Steel corrosion is considered the leading
cause of deterioration in concrete structures. Corro-
sion in progress results in rust occupying a greater
volume and thus exerting stress on the surround-
ing concrete. Estimates of the expansive stress ex-
erted due to rust were reported to vary from 32 to
500 MPa [2]. Such a substantial stress causes con-
crete to crack, delaminate and ﬁnally spall. Loss of
the concrete-steel bond and reduction of the eﬀective
reinforcement area put the integrity and safety of the
structure seriously into question.
Corrosion is an electrochemical process involving
the ﬂow of electrons and soluble metal cations (Fe2+)
that migrate through the concrete pore water to com-
bine with hydroxyl ions (OH−) to form iron hydrox-
ide (Fe(OH)2) or rust. The amount and rate of the
corrosion depend largely on the solubility of the metal
cations, which is inﬂuenced by temperature, by the
pH of the surrounding medium, and by the humidity
of concrete. Sound concrete has a pH of 12 to 13 [3].
This high alkalinity results in the formation of a tight
ﬁlm of iron oxide, which serves as a passive protection
against corrosion. The passive ﬁlm reduces the cor-
rosion rate to an insigniﬁcant level, typically 0.2 μm
per year. This rate is increased by up to 1 000 times
if the passive layer is destroyed [1].
The passive protection is subject to destruction
due to the penetration of chloride ions when concrete
serves in a salt-rich environment. Dissolved chlorides
can permeate slowly through sound concrete, or can
reach the steel more rapidly through cracks. As ex-
pected, the risk of corrosion increases as the chloride
content increases. According to ACI 318 [4], the max-
imum content for water-soluble chloride from the con-
stituting materials is 0.15 % by weight of the concrete
for reinforced concrete exposed to chloride in service
and 0.3 % by weight of the concrete for protected con-
crete. It is interesting to note that chlorides are di-
rectly responsible for the initiation of corrosion, and
do not inﬂuence the future corrosion rate.
The natural protection of concrete against corro-
sion is aﬀected by carbonation, which reduces the pH
of concrete due to the reaction of carbon dioxide from
the air and calcium hydroxide. The pH can be as low
as 8.5 due to this reaction, and the passive layer be-
comes unstable [5]. In addition, carbonation allows
for a much smaller chloride corrosion threshold. It
is reported that 7 000 to 8 000 ppm of chlorides are
required to initiate corrosion when the concrete pH is
12 to 13, while only 100 ppm concentration is needed
when the pH is 10 to 12 [6]. However, carbonation re-
actions are slow, and carbonation proceeds at a rate
up to 1.0 mm pear year in high quality concrete char-
acterized by low permeability, high cement content
and a low water/cement ratio. The carbonation rate
depends on the relative humidity of the concrete, and
the highest rates occur in concretes with 50–75 per-
cent relative humidity, so that the carbonation rates
are insigniﬁcant in dry as well as water-saturated con-
crete [7].
The above literature concerning corrosion mech-
anisms, environment and triggers has clearly demon-
strated that concrete quality and design practices
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may be considered as the ﬁrst defense against cor-
rosion. First, quality concretes are produced with
well-proportioned quality materials, and they typi-
cally have low water/cement ratios, are well com-
pacted and well cured. These practices reduce the
permeability and porosity of concrete and thus slow
down the penetration of chloride ions and carbon-
ation. The water/cement ratios can be lowered by
simply increasing the cement content, using water-
reducing admixtures and using ﬂy ashes. Further,
the use of micro-silica can help to produce almost
impermeable concrete [8]. Second, design practices
for concrete structures specify the amount of steel
reinforcements that will keep the cracks tight. ACI
318 [4] speciﬁes a maximum crack width of 0.33 mm
for exterior exposure under service loads, and 0.4 mm
for interior exposure under service loads. Another
important factor is to specify minimum concrete cov-
ers depending on exposure conditions in order to de-
lay the onset of corrosion by extending the time re-
quired for carbonation and penetrating chlorides to
reach the steel reinforcement [9].
It was interesting to ﬁnd that self-compacting
concrete (SCC) was initially named high-perfor-
mance concrete. SCC was more used worldwide to
describe durable concrete with a low water/cement
ratio [10]. This new type of concrete, proposed
by Okamura in 1986, was indented to be self-
compactable in the fresh state, free from initial de-
fects in the early age, and durable after harden-
ing [11]. The intrinsic properties of SCC involve high
deformability of the mortar and resistance to seg-
regation when concrete ﬂows through conﬁning steel
rebars. According to Okamura and Ozawa [12], these
properties can be achieved by utilizing limited aggre-
gate content, a lower water/powder ratio and by us-
ing superplastizers. SCC mixes typically incorporate
high fractions of cements and ﬁne materials such as
silica fume (SF), ﬂy ash (FA), granulated blast fur-
nace slag (GBFS), limestone powder, etc. Combin-
ing ﬁnely divided powders, admixtures, and Portland
cement can enhance the behavior of SCC in terms
of ﬁlling ability, passing ability, and stability. The
main target is to enhance the grain-size distribution
and particle packing, thus ensuring greater cohesive-
ness [13].
Silica fume is a by-product resulting from the op-
eration of electric arc furnaces used to reduce high
purity quartz to produce silicon and ferrosilicon al-
loys. Silica fume consists of extremely ﬁne spherical
particles of amorphous silicon dioxide with an av-
erage particle diameter that is about 1/100 of the
average particle diameter of cement. Due to its ex-
treme ﬁneness, silica fume has a pronounced eﬀect on
the fresh and hardened properties of concrete due to
physical eﬀects and pozzolanic reactions. The phys-
ical eﬀects include reduced bleeding and greater co-
hesiveness, which directly inﬂuence the properties of
hardened concrete [8]. According to Mindess [14],
silica fume increases the strength of hardened con-
crete by increasing the strength of the transition
zone between the cement paste and coarse aggre-
gates. Through pozzolanic reactions, silica fume re-
acts with calcium hydroxide (CH) resulting from the
cement hydration process, producing calcium silicate
hydrate (CSH). Relatively more CH forms in the
transition zone than through the paste. CH crystals
tend to decrease the strength of cement materials,
as they are normally large, strongly oriented parallel
to the aggregate surface and weaker than CSH. Con-
cern has been raised regarding a reduction in the pH
of the pore ﬂuid by the consumption of CH, and the
eﬀect of any such reduction on the passivation of the
reinforcing steel. At the levels of silica fume dosage
typically used in concrete, the reduction of pH is not
large enough to be of concern. For corrosion protec-
tion purposes, the increased electrical resistivity and
the reduced diﬀusivity to chloride ions are believed
to be more signiﬁcant than any reduction in pore so-
lution pH [8].
Fly ash is a by-product of coal combustion in elec-
tric power plants. Depending on the chemical com-
position, ﬂy ashes are classiﬁed as class F: low-lime
ashes with pozzolanic properties normally produced
from anthracite or bituminous coal, and class C: high-
lime ashes with pozzolanic and cementitious prop-
erties normally produced from lignite or subbitumi-
nous coal. According to ASTM C618 [15], the sum of
SiO2, Al2O3 and Fe2O3 should be greater than 70 %
to classify the ash as type F, and greater than 50 %
to classify it as type C. Fly ash is used to improve
the workability of fresh concrete, reduce the temper-
ature rise during initial hydration, improve resistance
to sulfates, reduce expansion due to alkali-silica reac-
tion, and increase both the strength and the durabil-
ity of hardened concrete. Fly ashes suitable for use
in concrete should be ﬁne enough so that no more
than 34 % of the particles are retained on a 45 μm
(No. 325) sieve, in accordance with ASTM C618 re-
quirements. The properties of fresh concrete contain-
ing ﬂy ash are improved in terms of reduced bleeding,
as a greater surface area of solid particles is provided
at lower water content for a speciﬁed workability. Un-
like silica fume, the pozzolanic reaction of ﬂy ash
continues over several years if the concrete is kept
moist. Thus, concrete containing ﬂy ash with lower
early strength would be expected to have equivalent
or higher strength at 28 days and at later ages [16].
Dolomite powder was used as a ﬁller in the cur-
rent work. However, limestone powders are most fre-
quently used in the SCC mixes reported in the litera-
ture. It is expected that the powders obtained when
cutting or sieving natural rocks would give similar
physical eﬀects depending on shape, size and surface
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texture characteristics. Both limestone and dolomite
are carbonate rocks. Pure limestone is mainly com-
posed of calcium oxide and carbon dioxide. When
about 20 percent of magnesium oxide is introduced,
we obtain high quality dolomite stone that is stronger
and harder than limestone. Ye, et al. [17] explored
the hydration and the microstructure of cementi-
tious pastes of typical composition for ordinary, high
performance, and self-compacting concrete, and re-
ported that limestone powders do not participate in
the chemical reactions during hydration.
By deﬁnition and by composition, SCC is ex-
pected to provide a protective environment against
corrosion with regard to its low water/powder ratio,
reduced bleeding and reduced permeability due to the
use of extremely ﬁne materials. The corrosion resis-
tance parameters of SCC have been investigated by
many authors. Yazici [18] investigated the chloride
penetration of SCC mixes incorporating silica fume
and high-volume class C ﬂy ash. It was reported that
incorporating FA and/or SF was very eﬀective for im-
proving resistance to chloride penetration. The pen-
etration depth in the control mix with only Portland
cement was 19 mm after 90 cycles, while this depth
was only 9.5 mm in SCC with 60 % FA and 10 % SF
replacement. The potentials of SCC durability and
the corrosion parameters in terms of chloride pene-
tration, oxygen permeability and accelerated carbon-
ation were addressed by Assie´ et al. [19] for both SCC
and vibrated concrete (VC). They used CEMII/A-LL
32.5R and CEMI 52.5N cements, which are typically
used for low-strength and high-strength concrete, re-
spectively. The SCC mixes were proportioned using
limestone ﬁller to replace fractions of the coarse ag-
gregate. The results showed that SCC mixes were
more resistant than VC to oxygen permeability, while
the chloride penetration and carbonation amounts
were similar in both SCC and VC mixes. Zhu and
Bartos [20] investigated the permeation properties of
SCC as durability measures utilizing FA and lime-
stone ﬁllers. It was emphasized that the permeation
measures are strongly reﬂected by the type of ﬁller.
Saylev and Francois [21] investigated the inﬂuence of
the steel-concrete interface on the corrosion of steel in
terms of resistance to polarization and the corroded
surface area. Interface defects related to gaps caused
by bleeding, settlement and segregation of fresh con-
crete were more limited in SCC than in VC.
Despite the appealing characteristics and mer-
its of self-compacting concrete, it is still classiﬁed
as a special type of concrete. The wide spread of
this type of concrete is restricted by the need to
implement strict quality measures and by the rela-
tively high cost of SCC mixes. A rational mix design
should attempt to balance the cost and the struc-
tural eﬃciency of concrete in terms of durability and
strength. It is however expected that SCC can be-
come a conventionally-used material with a compet-
itive cost, for two reasons. First, concrete develop-
ers believe that 21st century concrete practice must
be driven by considerations of durability rather than
strength in order to build environmentally sustain-
able concrete structures [22]. Second, it is possible
to invest in establishing ready-mix concrete plants
even in small local communities, due to the contin-
uously expanding market, and in this way quality
production can be achieved. The cost-eﬀectiveness of
SCC was a matter of concern in many recent research
works reported in the literature [23–25]. Mix econ-
omy is usually achieved by incorporating low-cost by-
products that may replace Portland cement as active
and non-active ﬁllers. The initial work presented by
the author [25] dealt with attempts to produce low-
cost SCC by using dolomite stone powder to replace
signiﬁcant amounts of cement and limiting the use
of chemical admixtures to HRWR admixtures. The
results indicated that it was possible to combine SF
(10 % by weight of cement) either with FA (up to
40 % by weight of cement) or with dolomite pow-
der (up to 30 % by weight of cement) to obtain SCC
with a satisfactory level of compressive strength for
structural concrete.
2 Signiﬁcance of the research
Extensive research work is needed to explore the
durability parameters of self-compacting concrete.
The properties of hardened SCC can diﬀer greatly,
as the mixes usually incorporate diﬀerent combina-
tions of ﬁnes for technical and economic purposes.
For this reason, studies addressing the inﬂuence of
ﬁne powders and combinations of ﬁne powders on
strength and durability are needed for the develop-
ment of SCC mixes. The current work has inves-
tigated the corrosion protection provided by diﬀer-
ent SCC mixes containing diﬀerent ﬁllers. The test
specimens were exposed to a corrosive environment
while they were under service loading as simply sup-
ported beams. The beams were subjected to salt
solutions and wet/drying cycles for about one year
to accelerate corrosion, after which the beams were
tested to failure to examine their structural behav-
ior and address the apparent defects due to corro-
sion.
3 Experimental study
The experimental work included the manufacture of
two sets of test beams. The beams in one set were
stored for one year in an aggressive medium to ac-
celerate corrosion, while those in the other set were
stored protected from extreme exposure. The beams
in the two sets were loaded during storage under ser-
vice loading. Based on the results reported in an
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initial phase of the research [25], seven mixes were
selected to produce SCC based on the compressive
strength criterion. The selected mixes incorporated
dolomite powder (DP) replacing up to 30 % of the
cement weight, along with either silica fume (SF) or
ﬂy ash (FA), which replaced 10 % of the cement by
weight. The chemical analysis of the ﬁne materi-
als that were used - including cement, silica fume,
ﬂy ash and dolomite powder — are reported in Ta-
ble 1. The constituents of the selected SCC mixes are
given in Table 2. In these mixes, the ﬁne-to-coarse
aggregate ratio was 1.13, the total content of pow-
ders (cement and ﬁllers) was 500 kg/m3, the HRWR
dosage was ﬁxed at 10 kg/m3 (2 % by weight of the
powders). The water content was determined by a
trial-and-error procedure to obtain a consistent mix
with the required fresh rheological properties. Ta-
ble 3 shows the compressive strength evaluated at 28
and 365 days, and the measured rheological proper-
ties.
Table 1: Chemical analysis of ﬁne materials (% by mass)
Material CEMI 52.5-N Silica fume Fly ash (F) Dolomite Powder
SiO2 21.3 93.2 49.0 0.83
Fe2O3 2.67 1.58 4.10 0.52
Al2O3 4.22 0.51 32.3 0.77
CaO 62.3 0.20 5.33 28.5
MgO 2.65 0.57 1.56 19.3
K2O 1.00 0.53 0.54 nd
Na2O 0.15 0.45 0.28 nd
SO3 3.20 0.22 0.16 nd
CO2 nd nd 0.80 46.8
L.O.I 1.80 2.62 1.25 43.2
nd: not detected
Table 2: Concrete mix proportions
Mix
Mix Constituentsa, kg/m3
w/p
cement sand dolomite water silicafume ﬂy ash
dolomite
powder
M1 500 945 840 160 – – – 0.32
M2 450 935 830 165 – – 50 0.33
M3 400 925 820 170 – – 100 0.34
M4 350 915 810 170 50 – 100 0.34
M5 300 900 800 175 50 – 150 0.35
M6 350 915 810 170 – 50 100 0.34
M7 300 900 800 175 – 50 150 0.35
a superplasticizer dosage in all mixes= 10 kg/m3 (2 % by weight of powders)
Table 3: Rheological and hardened properties of SSC mixes
Mix
fcy (MPa) rheological properties
28-days 365-days slump ﬂow (mm) V-funnel t0 (sec.)
M1 33 36.5 710 6.2
M2 32 34.0 675 6.0
M3 28 31.0 660 5.3
M4 33 36.0 600 5.3
M5 31 33.0 590 5.0
M6 29 32.0 650 5.0
M7 28 31.0 630 5.2
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Fig. 1: Particle size distribution for aggregates, dolomite powder and ﬂy ash
Fig. 2: Dimensions and reinforcements of a test beam
4 Materials
Cement type I (42.5 N) meeting the requirements of
BS EN 197-1:2000 [26] was used. The speciﬁc grav-
ity of the cement was 3.13, and the initial setting
time was 105 min. (28 percent water for standard
consistency). Locally produced densiﬁed silica fume
was delivered in 20-kg sacks. According to the man-
ufacturer, the light-gray powder had a speciﬁc grav-
ity of 2.2, and a speciﬁc surface area of 17 m2/gm.
Imported class F ﬂy ash meeting the requirements
of ASTM C618 [15] was used. The average sum of
SiO2, Al2O3 and Fe2O3 is 86 percent by weight, with
a speciﬁc gravity of 2.1. The particle size distribution
curve, Figure 1, shows that 90 percent by weight of
the ash passes through a 45-μm sieve. The dolomite
powder was obtained from a local plant for ready-mix
asphalt concrete. The production process includes
drying the crushed dolomite used as coarse aggregate
and sieving the aggregates to separate the diﬀerent
sizes. A small fraction of the powder that passes
through sieve No. 50 (300 μm) is used in the mix,
while most of the powder is a by-product. The pow-
der had a light brownish color, and a speciﬁc gravity
of 2.72. Sieving six random samples of the powder
showed that the average percentage passing through
the 45-μm sieve was 63 percent (Figure 1).
Natural siliceous sand having a ﬁneness modu-
lus of 2.63 and a speciﬁc gravity of 2.65 was used
in the SCC mixes. Crushed dolomite with a maxi-
mum nominal size of 16 mm was used as coarse ag-
gregate. The aggregate had a speciﬁc gravity of 2.65
and a crushing modulus of 19 %. The grading of
the aggregates that were used is shown in Figure 1.
A traditional sulfonated naphthalene formaldehyde
condensate HRWR admixture conforming to ASTM
C494 (types A and F) was used. The admixture is a
brown liquid with a speciﬁc gravity of 1.18. High ten-
sile deformed steel rebars (nominal diameter 10 mm)
were used for tension reinforcement. The rebars had
a yield strength of 553 MPa. Mild steel rebars were
used for stirrups with a nominal diameter of 8 mm
and yield strength of 380 MPa.
5 Test specimens
Preparation: Tight steel forms were used to cast
fourteen test specimens with the dimensions and re-
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inforcement arrangement shown in Figure 2. Each
concrete mix was used to cast two beams. The
amount of tension and web reinforcement was ade-
quate to ensure ductile failure under ultimate load.
Six 150 × 300 mm cylinders were cast to determine
the compressive strength for each mix after 28 days
and after one year of exposure. The test beams and
the cylinder specimens were cured under a wet cloth
for 7 days, after which they were left to dry in the
laboratory atmosphere.
After 28 days, the test beams were loaded to a
speciﬁed level as if the beams were under service ﬂex-
ure loading. Each two beams cast from the same mix
were laid horizontal and parallel to each other with
the tension side out. The two beams were tied by
means of a 12-mm welded steel stirrup 50 mm away
from the beam ends. A 100 kN hydraulic jack was
used to apply a concentrated load at mid span, while
the end ties counteracted the acting load. Once a pre-
determined load level had been attained, two pieces
of wood (50×50 mm cross section and 100 mm apart)
were used to maintain the deformed shape of the two
opposite beams and the hydraulic jack was released.
The loading sequence is illustrated in Figure 3.
Fig. 3: Test beams tied and loaded at mid-span by
means of a hydraulic jack: (a) Loading conﬁguration,
(b) Wooden struts keeping the deformed shape after re-
leasing the hydraulic jack
The load applied by the hydraulic jack in this
stage (Ps) was the load causing the test beams to
crack so that the length of the cracks would not ex-
ceed two thirds of the beam depth. This load was
found to be 20 kN, and this value was about 47 %
of the nominal failure load (Pn) estimated using the
ACI 318 code [4] design equation:
Mn = ρfy(1− 0.59ρfy/fcy)bd2
in which Mn is the nominal moment (Mn = PnL/4,
L is the clear span= 900 mm), ρ is the reinforcement
ratio (ρ = 0.012), fy is the yield strength of the
tension reinforcement (fy = 553 MPa), fcy is the
28-day cylinder compressive strength, b is the width
of the beam cross section (b = 100 mm) and d is the
eﬀective depth (d = 12.7 mm). Table 4 reports the
maximum crack width, which was measured using a
microscope under the applied load (Ps). The maxi-
mum measured crack width was 0.16 mm, which is
about one half of the maximum width permitted by
the ACI 318 code for exposed elements.
Table 4: Maximum measured crack width under service
load
Mix Crack width (mm)
M1 0.14
M2 0.14
M3 0.16
M4 0.14
M5 0.14
M6 0.16
M7 0.16
Exposure procedure: the test beams under a
sustained load were closely arranged, as shown in Fi-
gure 4. The upper beams were control beams that
were kept dry during the whole course of exposure.
On the other hand, the lower beams rested on the
ﬂoor of a shallow basin containing an NaCl solution.
The amount of the saline was suﬃcient to cover only
15 mm of the beam height. The concentration of
the saline was adopted on the basis of the results re-
ported in Ref. [1], showing that the corrosion rate
of steel was at its maximum when the NaCl solution
concentration was 7 %, which is about twice the NaCl
concentration in seawater. This concentration of the
95 % percent purity salt containing 15 percent water
provided 34.000 mg/l of soluble chloride ions. This
amount of ions represents 1.1 % by weight of the ce-
ment in control mix M1, which means that the ion
concentration was 7 times higher than the concentra-
tion allowed by the ACI 318 code [4] for elements in
severe conditions.
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Fig. 4: Exposure of test beams in an open environment under a sustained load
Fig. 5: Four-point bending test and loading conﬁguration
The beams were stored in an open environment
for 12 months. The lower beams attached to the
saline underwent 12 wet/dry cycles. The beams were
attached to the saline for 7 days, after which the
saline was drained out and the lower beams were
allowed to dry for 21 days. At the start of each
cycle, the sustained load level was checked. The
losses in the sustained load due to time-dependent
eﬀects were restored by reloading, using a hydraulic
jack and repositioning the wooden struts. The
temperature and relative humidity were measured
weekly during daytime. During the whole course
of exposure, the temperature ranged from 22 to
38 ◦C, while the relative humidity ranged from 58 to
77 %.
Bending test: after 12 months of exposure, the
test beams were loaded to failure under 4-point load-
ing, Figure 5. The mid-span deﬂection was mea-
sured at equal load steps of 2.0 kN until the main
steel yielded, and then the deﬂection was measured
at speciﬁed displacement increments. The load ver-
sus the mid-span deﬂection curves is shown in Fi-
gure 6.
6 Results and discussion
The fourteen test specimens were arranged into two
sets during long-term exposure. The upper beams
(B1–B7) were reference beams, while the lower beams
(B1C–B7C) were exposed to corrosive conditions in
order to investigate the corrosion resistance of the
SCC mixes (M1–M7). Figure 6 shows the relation
between the total acting load (P) and the measured
mid-span deﬂection. Table 5 reports the ultimate
loads recorded as well as the deﬂections (Δy, Δu)
at the yield and ultimate loads. The corresponding
values for the ductility index (Δu/Δy) as a measure
of ductility were also computed. The corrosion resis-
tance behavior of a given mix Mi (used in casting the
two beams Bi and BiC) was evaluated on the basis of
the following criteria after performing the four-point
load test:
1. Comparing the structural performance in terms
of stiﬀness, ultimate loads, ductility and crack-
ing patterns.
2. Visual inspection of the main rebars after remov-
ing the concrete cover.
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Fig. 6: Load versus mid-span deﬂection for test beams
Knowing that all test beams were pre-cracked, Fi-
gure 6 shows that the load-deﬂection curves consisted
of only two parts: a linear relation up to yield and a
yield plateau. The post-cracking stiﬀness of all test
beams subjected to corrosion was smaller than the
post-cracking stiﬀness of the corresponding control
beams. A signiﬁcant reduction in stiﬀness can be
observed in beams B3C (20 % DP) and B7C (30 %
DP+10 % FA) compared to the stiﬀness of beams
B3 and B7, respectively. It can be noted that the
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Table 5: Ductility index and ultimate loads recorded for test beams
control beams beams in a corrosive environment
beam
ultimate load, deﬂection, mm ductility
beam
ultimate load, deﬂection, mm ductility
kN Δy
b Δu
b index kN Δy
b Δu
b index
B1 59.6 (1.00)a 2.66 18.58 7.0 B1C 55.0 (0.92) 3.59 10.38 2.9
B2 53.1 (0.89) 3.14 9.98 3.2 B2C 50.4 (0.85) 3.21 7.12 2.2
B3 52.0 (0.87) 3.17 7.17 2.3 B3C 48.7 (0.82) 3.55 7.05 2.0
B4 54.8 (0.92) 3.00 13.8 4.6 B4C 52.3 (0.89) 2.88 9.70 3.4
B5 52.2 (0.88) 2.95 15.00 5.1 B5C 49.1 (0.82) 3.03 8.96 3.0
B6 53.0 (0.89) 2.75 17.00 6.2 B6C 51.7 (0.87) 3.94 8.54 2.2
B7 50.8 (0.85) 2.77 15.05 5.4 B7C 49.3 (0.83) 3.86 8.9 2.3
a ( ) : ultimate load as a fraction of the ultimate load of the control beam (B1)
b Δy,Δu: mid-span deﬂection at yield and ultimate load, respectively
(a) beams in Corrosive environment (b) control beams
Fig. 7: Cracking patterns for test beams under sustained load (continuous lines) and at ultimate loads (dashed lines)
stiﬀness of beams B3 and B7 is very close to that of
the control beam B1. On the other hand, the stiﬀ-
ness reduction in beam B4C (20 % DP+10 % SF)
and B5C (30 % DP+10 % SF) compared to the stiﬀ-
ness in beams B4 and B5 is insigniﬁcant. The results
summarized in Table 5 show that the ultimate loads
recorded for beams (B2–B7) were 81 to 92 percent of
the ultimate load of control beam B1. This reduction
in the ultimate load was consistent with the change
in the compressive strength of the SCC mixes that
were used.
The recordedultimate loads for beams (B1C–B7C)
were very close to the corresponding ultimate loads of
beams (B1–B7), and were only 5 % less in average.
These results indicated that no serious loss in the
area of the main reinforcement occurred under the
prescribed exposure conditions. On the other hand,
the results suggested that the corrosion aﬀected only
the bond characteristics between the steel rebars and
concrete. It is well known that a steel-concrete bond
is the sum of two components due to adhesion and
the interlocking action provided by the ribs. It is
here suggested that the bond reduction is mainly re-
lated to reduced adhesion between the concrete and
the steel rebars, while the ultimate bond strength
was adequate so that the test beams (B1C–B7C) de-
veloped the reported ultimate loads. The suggestion
of the lack of adhesion bond in the corroded beams
is consistent with the following observations:
1. A reduction in post-cracking stiﬀness.
2. A comparison of the cracking patterns in Fi-
gure 7 shows that new cracks developed in beams
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(B1–B7) during four-point loading, while this
was not the case for the corroded beams. How-
ever, beams B4C (20 % DP+10 % SF) and B5C
(30 % DP+10 % SF) were exceptions.
Examining the cracking patterns at failure, Fi-
gure 7, shows that all test beams failed due to con-
crete crushing in the maximummoment region. How-
ever, beams B3C (20 % DP) failed in shear due to
the formation of a diagonal tension crack. This pre-
mature failure may be related to the lack of bond
between the main reinforcement and concrete. The
computed ductility index reported in Table 5 shows
that control beam B1 had the highest ductility mea-
sure. The ductility index was considerably lower in
beams B2 and B3, while a better ductility measure
was achieved by the rest of the beams (B4–B7) con-
taining 10 % SF or FA. The ductility index in beams
(B1C–B7C) ranged from 35 % to 87 % of the corre-
sponding values recorded for the corresponding con-
trol beams (B1–B7), indicating limited ductility due
to corrosion.
Finally, a visual inspection of the main reinforce-
ment in the corroded beams (B1C–B7C) after con-
ducting the four-point test and removing the concrete
cover conﬁrmed the existence of a corroded surface
layer in all beams. The corroded surface did not cover
the whole length of the bar. The corroded portions
covered about 70–100 mm around the points of in-
tersection of the rebar with the pre-cracks developed
under the sustained load. Small and shallow pitting
was observed along the main rebars in the corroded
beams.
7 Conclusions
This research included experimental testing of rein-
forced concrete beams cast with diﬀerent SCC mixes
incorporating combinations of silica fume, ﬂy ash and
dolomite powder as ﬁne materials replacing Portland
cement. All test beams were stored under sustained
load that caused the beams to crack to simulate ac-
tual exposure conditions. Half of the beams were
exposed to a harsh environment, while the other half
were similar control beams. After one year of ex-
posure, the corrosion resistance provided by the dif-
ferent SCC mixes was evaluated on the basis of the
structural performance of the test beams in ﬂexure
compared to the behavior of the control beams. The
proposed aggressive environment helped to initiate
corrosion along the main rebars. No severe reduc-
tion in the area of the main reinforcement was de-
tected, and only small and shallow pitting was ob-
served. Based on the available test results, the fol-
lowing conclusions can be drawn:
1. Independent of the SCC mix composition, the
structural performance of the tested control
beams was quite similar in terms of post-
cracking stiﬀness and mode of failure. The vari-
ation in the ultimate loads was consistent with
the variation in the compressive strength of the
SCC mixes that were used.
2. The ductility index of the control beams was
considerably lower than that of the control beam
containing only Portland cement. The addition
of either silica fume or ﬂy ash eﬀectively in-
creased the ductility index.
3. The post cracking stiﬀness of the corroded
beams was signiﬁcantly less in the beam con-
taining 20 % dolomite powder as a cement re-
placement. The use of 10 % silica fume was ef-
fective in increasing the post-cracking stiﬀness,
even when the dolomite powder replacement in-
creased to 30 percent.
4. All corroded beams showed a reduction in the
ductility index compared to the corresponding
control beams. The use of silica fume yielded a
relatively higher ductility index.
5. The use of silica fume was found to be more
eﬀective than ﬂy ash for improving the struc-
tural performance in terms of ductility and post-
cracking stiﬀness for corrosion-exposed SCC
beams containing up to 30 percent dolomite
powder replacing Portland cement.
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